We investigated how long-term suppression of populations of a top predator, the dingo Canis dingo, affected composition of sympatric avifauna in Australian deserts, by surveying bird assemblages across ~80 000 km 2 of arid dune-fields on either side of the Dingo Barrier Fence (DBF; a 5614 km-long fence separating ecosystems in which dingoes are abundant from ecosystems in which dingoes are functionally extinct). Using fourth-corner modelling, incorporating species' traits, we identified apparent declines of sedentary birds that nest in low vegetation and small birds that feed primarily on grass seed, and increases in scavenging birds associated with the functional extinction of dingoes. Occupancy differed between sites inside and outside the DBF in 13 bird species. We hypothesise that these differences in bird assemblages across the DBF result, in part, from increases in kangaroos Macropus spp. and red foxes Vulpes vulpes in arid landscapes where dingoes have been removed. Our study provides evidence that the functional extinction of a large terrestrial predator has had pervasive ecosystem effects, including shifts in composition of avian assemblages.
Introduction
As human use of landscapes expands, populations of other large terrestrial predators are generally declining (Woodroffe 2000 , Ripple et al. 2014 , especially due to fragmentation and loss of habitat (Crooks and Soulé 1999, Terborgh et al. 2001 ) and targeted eradication of populations . Large predator extinctions can shift ecosystems between alternate states by directly and indirectly influencing many trophic levels (Paine 1966 , Terborgh et al. 2001 ) and often trigger further species losses (Ripple et al. 2014) . By reducing and influencing prey populations, large predators directly and indirectly influence ecosystem processes and composition (Berger et al. 2001 , Ripple et al. 2001 .
Effects of large predator extinctions on ecosystems can be pervasive, extending to organisms those predators rarely or never directly interacted with (Ripple et al. 2014) . For example, extinctions of large, terrestrial, mammalian predators can cause cascading ecological effects that influence the composition of bird assemblages (Rogers and Caro 1998 , Crooks and Soulé 1999 , Berger et al. 2001 , Schmidt 2003 . In North America, local extinctions of grey wolf Canis lupus and grizzly bear Ursus arctos have allowed increases in abundance of mammalian nest-predators and large browsing ungulates, indirectly resulting in declines and local extinctions of several small passerine and apodiform birds (Crooks and Soulé 1999 , Berger et al. 2001 , Schmidt 2003 ).
Australia's largest terrestrial predator is the dingo Canis dingo (Crowther et al. 2014 ) and previous studies show that dingo predation directly and indirectly influences mammal communities and vegetation in arid Australia (Letnic et al. 2012) . Dingo populations are effectively controlled within ~500 000 km 2 of the southern arid zone, to protect livestock from dingo predation, affecting the composition of wild terrestrial fauna assemblages of this vast area (Letnic et al. 2012) . Lethal control of dingoes releases populations of an introduced mesopredator (red fox Vulpes vulpes) and feral and native large herbivores (feral goat Capra hircus and kangaroos Macropus spp., respectively) from predation, indirectly increasing both predation pressure on small and mediumsized terrestrial mammals (Letnic and Dworjanyn 2011) and grazing-pressure on groundcover plants (Rees et al. 2017) . Additionally, kangaroo carcasses are more frequently encountered in landscapes where dingoes are controlled (Fillios et al. 2010) . This discrepancy in the numbers of kangaroo carcasses occurs presumably because greater numbers of live kangaroos translates to greater numbers of carcasses as all kangaroos must eventually die due to natural causes, predation and interactions with humans (Fillios et al. 2010) .
Since European colonisation of Australia, in the arid zone, ranges and abundances of many birds have contracted, whilst those of other birds have increased (Reid and Fleming 1992, Smith et al. 1994) . Common traits of birds that have declined include small body size coupled with granivory, ground-nesting and foraging near to the ground (Reid and Fleming 1992, Smith et al. 1994) . Declines in birds with these traits likely result from overgrazing by livestock (Bos indicus, B. taurus, Ovis aries) and introduced (Capra hircus, Oryctolagus cuniculus) and native herbivores (Macropus spp.) and predation by foxes and feral cats Felis catus (Reid and Fleming 1992 , Davies et al. 2010 , Gordon et al. 2017 . Common traits of birds that have increased in abundance and expanded in range since European settlement include large size coupled with granivory, predatory behaviour and aerial insectivory (Reid and Fleming 1992) . Birds with these traits likely benefit from increased access to water at artificial water points, increased abundances of herbivore prey and carrion and greater areas of bare ground associated with livestock grazing (Reid and Fleming 1992, Davies et al. 2010) .
Given that increases in the abundances of red foxes and large grazers have been identified both as by-products of suppressed dingo populations and as drivers of shifts in bird assemblages, it is conceivable that bird assemblages in arid Australia could be influenced by dingo control (Letnic et al. 2012 , Howland et al. 2016 . In this study, we set out to identify the species, and common traits, of diurnal birds affected by functional extinctions of dingoes by surveying avian assemblages in areas where functional dingo populations persisted and areas where dingoes were functionally extinct across ~80 000 km 2 of arid dunefields. Based on previous studies which have documented the abundances of red foxes, kangaroos and kangaroo carcasses in relation to suppression of dingo populations, we predicted that 1) birds which nest on the ground or low to the ground would be positively associated with dingoes, because dingoes suppress the abundances both of red foxes, reducing predation pressure (Letnic et al. 2012) , and of grazing kangaroos, promoting groundlayer complexity (Rees et al. 2017) ; that 2) small granivorous birds would be positively associated with dingoes, because dingoes suppress populations of herbivores whose grazing reduces grass seed availability (Rees et al. 2017) ; and that 3) scavenging birds would be negatively associated with dingoes because dingoes suppress abundances of large herbivores, thereby reducing the availability of carrion (Fillios et al. 2010 ).
Methods

Study sites and experimental approach
We surveyed birds on either side of the dingo barrier fence (DBF) in the Strzelecki Desert and Moondiepitchnie Dunefield (Fig. 2) on rangeland pastoral stations and in conservation reserves (Supplementary material Appendix 1  Table A1 ). The Dingo Barrier Fence (DBF) is a 5 614 kmlong fence that excludes dingoes from > 500 000 km 2 of inland southern Australia's sheep producing rangelands. In the Strzelecki Desert, the DBF arbitrarily follows the New South Wales-South Australia border (the 141st meridian east) and the New South Wales-Queensland border (the 29th parallel south; Fig. 2 ). In South Australia, the DBF mostly follows current or historical pastoral lease boundaries, not the margin of suitable sheep grazing country. Closelyguarded sheep flocks were farmed far beyond the area bound by the DBF during the late 1800s and early 1900s, when wool was more valuable and labour less expensive (Allen and West 2013) . Dingoes remain abundant outside the DBF, but are functionally extinct inside the DBF, where intensive lethal control measures effectively suppress their populations (Letnic et al. 2012) . We use 'functionally extinct' to describe dingo populations so reduced that they have negligible influence on the ecosystems they are part of.
At the time of our surveys, livestock grazed many of our study areas; only cattle grazed outside the DBF, but both sheep and cattle grazed together and separately inside the DBF (Supplementary material Appendix 1 Table A1 ). Few sites shared identical pastoral histories, even those on the same sides of the DBF. We attempted to minimise the likelihood of pastoral land use and other factors (e.g. isolated rainfall events, local land management) confounding our study by sampling a wide geographic area, east and west of the NSW/SA border, north and south of the NSW/QLD border and on both sides (east-west and north-south) of sections of the DBF in the Moondiepitchnie Dunefield in SA (Fig. 2) , encompassing a variety of tenures under various current and historical land uses (Supplementary material Appendix 1 Table A1 ). We attempted to minimise the likelihood of cross-fence effects we detected being related to sheep grazing, which had not occurred recently outside the DBF, by surveying on cattle stations without sheep and on conservation reserves, which had been destocked for 20-50 yr, on both sides of the DBF, in addition to those sites inside the DBF where sheep or both cattle and sheep were present. We also surveyed sites outside the DBF where sheep flocks had grazed historically.
The climate of both study regions is arid with low and highly variable rainfall (Strzelecki: � x ± st. dev. = 175.8 ± 108.9 mm yr -1 ; Moondiepitchnie: � � x ± st. dev. = 169.9 ± 97.6 mm yr -1 ; Bureau of Meteorology). The landscapes of both regions feature linear sandhills of red sand and clay inter-dunal swales (Fig. 1, 2 ). In the study areas, dominant plant species are sandhill wattle Acacia ligulata, rattlepod Crotalaria eremaea and hopbush Dodonea viscosa on sandhills, and saltbush Atriplex spp., bluebush Maireana spp. and poverty bush Sclerolaena spp. on swales. Mulgas Acacia aneura and, in the Moondiepitchnie region, western myalls Acacia papyrocarpa, occur alone or in small copses. Three sites outside, and one site inside, the DBF had recently (< two years earlier) burned. We saw no evidence of recent fire at any other sites.
Mammal activity
To test our predictions that abundances of mammals influence bird assemblages across the DBF, we used track plots to survey the activity of dingoes, foxes, kangaroos, sheep, cattle and livestock (the sum of sheep and cattle activity) in the Moondiepitchnie Dunefield in February 2013 (17 plots) and in the Strzelecki Desert in November 2014 (118 plots) and February 2015 (100 plots). We established track plots by raking two metre sections across single lane vehicle tracks, at minimum intervals of 1 km, and we monitored them for three consecutive nights. Activity of each taxon was calculated as the mean number of tracks per plot, per night.
Carrion availability
To provide support for our prediction that kangaroo carcasses would be more abundant where dingoes were functionally extinct we used counts of roadkill conducted along public roads within each study area as an index of carrion availability. We conducted one transect on each side of the DBF in the Moondiepitchnie Dunefield in March 2013 (transect length: inside DBF = 10 km, outside DBF = 15 km) and two transects on each side of the DBF in the Strzelecki Desert in September 2012 (transect length: inside DBF = 50 km and 35 km, outside DBF = 76 km and 50 km). On each transect we counted all roadkill visible within 10 m of two-lane gravel public roads on each side of the DBF. For each transect carrion availability was indexed as the number of carcasses per kilometre of road surveyed.
Bird counts
We surveyed diurnal birds at 112 sites where dingoes were present and 92 sites where dingoes were functionally extinct, visiting different sites in March 2014, July 2014 and March and April 2015 (Fig. 2) . We selected survey sites in sandhills, at least one kilometre apart along vehicle tracks or fencelines and no further than 75 km from the DBF. Surveys were undertaken during cooler times of day (before 11:00 h and after 17:00 h) and not during strong wind or heavy rain. We sampled sites in close proximity inside and outside the DBF during the same months, so that the prevailing and recent weather conditions were generally the same or similar between these sites at the time of survey. At each site, one observer walked a 500 m straight transect over 15 min, recording all birds (excluding emu) he saw or heard. The same observer (JR) conducted all surveys. He viewed birds using binoculars (Nikon Monarch 10 × 42) and tracked his distance using a GPS (Garmin 60).
Analyses
Mammal activity
We compared mammal activity (mean number of crossings for each species per plot, per night) between plots inside and outside the DBF, using a linear mixed effects model with a Gaussian distribution in SPSS (ver. 24). The fixed factors were DBF (inside DBF, outside DBF), Region (Strzelecki Desert, Moondiepitchnie Dunefield) and the interaction between DBF and Region. Sampling period and study area were specified as random effects. Tracks of feral cats were recorded in all study areas, but too few tracks (cat tracks were recorded on just 8 track plots) were observed to allow analyses. We used a t-test to evaluate the hypothesis that carcasses were more abundant inside the DBF with each transect on each side of the DBF being a replicate.
Avian species richness and assemblage composition
We compared avian species richness at sites inside and outside of the DBF using a generalised linear mixed-model (glmm) in SPSS (ver. 24). In our model, we also tested the alternative hypothesis that avian species richness was influenced by contemporary land use (e.g. livestock grazing, conservation reserves). Species richness ( x � number of species survey -1 ) was the response variable, while DBF (inside/outside) and landuse (grazing/ reserve) were fixed predictor variables. Region (Moondiepitchnie or Strzelecki), study area (Supplementary material Appendix 1 Table A1 ) and sampling period (autumn 2014, winter 2014 and autumn 2015) were specified as random variables. We fitted a Gaussian distribution and inspected a Q-Q plot to check that residuals were normally distributed.
We investigated differences in bird assemblage composition between sites with dingoes and sites where dingoes were functionally extinct using 'anova.manyglm' in the package 'mvabund', a model-based approach for multivariate data analyses (Wang et al. 2012) . We also tested an alternative hypothesis that bird-assemblage composition was influenced by contemporary land use by fitting a separate model with land use (livestock grazing/conservation reserve) as the factor. Mvabund fits separate generalised linear models for each species and resamples to test for effects of predictor variables, and has greater power than distance-based multi-variate methods (Wang et al. 2012 , Warton et al. 2012 . Because 'mvabund' could not deal with missing values (Wang et al. 2012) , we omitted five surveys (all from sites where dingoes were functionally extinct), in which no species were detected, from all assemblage-composition analyses, leaving a total of 199 surveys (dingo present n = 112, dingo functionally extinct n = 87; livestock grazing n = 149, conservation reserve n = 50). We analysed species' presence/absence data to: 1) limit the influence of transient fluctuations in bird numbers in the analyses (MacNally et al. 2004) , and 2) prevent potential miscounts of small flocking birds in dense vegetation influencing analyses (Pavey and Nano 2009 ). We fitted a binomial distribution to our models and report unadjusted p-values. We report unadjusted p-values because our intention was to detect patterns in species occurrence by analysing all species in a multi-variate framework (Wang et al. 2012) and because adjustment of p-values to reduce family-wise error rates would result in an unacceptable reduction of power, given our species-rich (72 species) dataset (Nakagawa 2004) . A plot of residuals versus fitted values showed that the errors had constant variance.
Avian life history traits in response to dingo removal
We collated information on life history traits of all bird species we recorded from the literature. We gathered most information from the Handbook of Australian, New Zealand and Antarctic birds (Marchant and Higgins 1990 , 1993 , Higgins and Davies 1996 , Higgins 1999 , Higgins et al. 2001 , 2006 , Higgins and Peter 2002 and also used published dietary studies to sub-class granivores (Supplementary  material Appendix 1 Table A2 ; McNally 1956 , Frith et al. 1974 , Morton and Davies 1983 , Jones 1987 , Zann 1996 , Dostine et al. 2015 . To identify common traits among birds affected by the functional extinction of dingoes, we analysed our species' presence/absence data and collated trait data using the fourth-corner modelling approach 'traitglm' in the package 'mvabund' in R (ver. 3.2.1; Brown et al. 2014) . This technique constructs a regression model for species' presence as a function of interaction terms between trait and environmental variables (Brown et al. 2014) . We only included traits we hypothesised a priori would affect birds in ecosystems modified by dingo functional extinction (Supplementary material Appendix 1 Table A2 ). Because we included breeding traits in the model, we omitted our records of welcome swallow Hirundo neoxena and blue-winged parrot Neophema chrysostoma, which visit the study regions seasonally, but do not breed there (Higgins 1999 , Higgins et al. 2006 ). We fitted a binomial distribution because we used presence/ absence data. To deal with correlated trait-predictors, we used the least absolute shrinkage and selector operator (LASSO) model-selection argument 'glm1path', which automatically zeroes the coefficients for any model interactions that do not lower the Bayesian information criterion (Brown et al. 2014) . When using this LASSO method of penalised likelihood, with the LASSO penalty parameter estimated by cross-validation, the nature and strength of the interactions are indicated, respectively, by the sign and magnitude of the interaction coefficients (Brown et al. 2014 ). We used 'anova. traitglm' with 999 permutations, via probability integral transform residual bootstrap (PIT-trap) block resampling (to account for correlation in testing), to test for a significant interaction between bird presence, bird traits and dingo presence (Brown et al. 2014 ).
Data deposition
Data available from the Dryad Digital Repository: < http:// dx.doi.org/10.5061/dryad.gr7026q > (Rees et al. 2018) .
Results
Mammal activity
Dingo activity was consistently greater outside the DBF than inside the DBF, but did not differ between regions (DBF F 1,9.102 = 5.999, p = 0.037; Region F 1,2.768 = 0.453, p = 0.553; DBF × Region F 1, 9.102 = 0.945, p = 0.356; Fig. 3a) . Fox activity was consistently greater inside the dingo fence and was greater in the Moondiepitchnie Dunefield than in the Strzelecki Desert (DBF F 1,14.113 = 9.909, p = 0.003; Region F 1,212 = 8.614, p = 0.004; DBF × Region F 1,212 = 3.552, p = 0.061; Fig. 3b ). Kangaroo activity was consistently greater inside the DBF than outside the DBF but did not differ between regions (DBF F 1,14.113 = 4.926, p = 0.043; Region F 1,14.113 = 3.679, p = 0.076; DBF × Region F 1,14.113 = 3.527, p = 0.081; Fig. 3c ). Roadkill carcasses of kangaroos were observed more frequently inside the DBF than outside the DBF (t = 13.536, df = 4, p < 0.001; Fig. 3d ). Though no sheep were detected outside the DBF, activity of sheep (DBF 
Avian species richness and assemblage composition
Avian species richness was higher outside the DBF than inside the DBF where dingoes were functionally extinct (F 1,9 = 5.363, p = 0.046; x (dingo) = 8.13 ± 0.36 survey -1 ; x (dingo functionally extinct) = 5.79 ± 0.30 survey -1 ; for species, occurrence rates and abundances see Supplementary material Appendix 1 Table A2 ). Land-use did not have a significant effect on avian species richness (F 1,8 = 0.693, p = 0.430; x (livestock grazing) = 7.62 ± 0.29 survey -1 ; � x (conservation reserve) = 5.52 ± 0.45).
Assemblage composition differed significantly across the DBF ('manyglm': deviance 197 = 264.4, p < 0.001). Ten species (white-winged fairywren, chirruping wedgebill, cinnamon quail-thrush, willie wagtail, black-faced woodswallow, cockatiel, rufous field-wren, banded whiteface, crimson chat, white-backed swallow; scientific names and supporting data in Supplementary material Appendix 1 Table A2) were more likely to be encountered outside the DBF (where dingoes were present) than inside the DBF (where dingoes were functionally extinct), and three species were more likely to be encountered inside the DBF (dingoes functionally extinct; {little crow, wedge-tailed eagle, red-capped robin}; Supplementary material Appendix 1 Table A2 ). All these species occur, and were recorded during surveys, on both sides of the DBF, with the exception of banded whiteface and rufous field-wren, which were only recorded outside the DBF in our study, but have been recorded inside the DBF at other times (Higgins and Peter 2002) .
Land-use had a significant effect on avian assemblage composition ('manyglm': deviance 197 = 609.2, p < 0.001). Twelve species were more likely to be encountered on land used for livestock grazing (diamond dove, little corella, bluebonnet, Bourke's parrot, budgerigar, spiny-cheeked honeyeater, singing honeyeater, white-browed babbler, crested bellbird, grey butcherbird, Australian magpie and Australian raven; Supplementary material Appendix 1 Table A3 ). None of the species that responded positively to grazing were affected by dingo removal. Three (banded whiteface, white-backed swallow and crimson chat) of the four species that were more likely to be encountered in conservation reserves were also more likely to occur outside the DBF where dingoes were common. The fourth species (wedge-tailed eagle) was more likely to occur on pastoral lands than conservation reserves, but also was more likely to occur on the inside of the DBF where dingoes were functionally extinct.
Avian life history traits in response to dingo removal
Combinations of traits relating to diet, nesting habit and mobility significantly influenced bird responses to dingo functional extinction (Deviance 13637 = 103.4, p = 0.001). Birds that build nests suspended in low (< 1 m) vegetation (β = -0.16; Fig. 4c ), or on the ground in vegetation (β = -0.08; Fig. 4d ), forb seed and grass seed feeders (β = -0.04; Fig. 4b ) and grass seed specialists (β = -0.01; Fig. 4b ), smaller species (β = -0.05) and sedentary species (β = -0.02) were more likely to occur where dingoes were present and birds that scavenge carrion from the carcasses of large animals (β = 0.02; Fig. 4a ) were more likely to occur where dingoes were functionally extinct (note: 'traitglm' does not calculate p-values. For the model selection process, see Methods -Life history traits).
Discussion
We have identified previously undetected shifts in composition of desert avifaunal assemblages, apparently stemming from long-term suppression of co-occurring dingo populations. Consistent with our predictions, we detected small, sedentary ground-nesters and grass seed specialists less frequently, and a small group of large, carrion-feeders more frequently, where dingoes were functionally extinct than in nearby areas where dingoes remained common (Fig. 4) . Ultimately, dingo functional extinction was associated with reduced avian species richness and absences of birds vulnerable to introduced predators and overgrazing.
We hypothesised that the changes to avifauna associated with dingo functional extinction were mediated by population irruptions of foxes and kangaroos (Letnic et al. 2012) . We propose four potential mechanisms, based on our observations and those of other studies, explaining the patterns we observed (summarised in Fig. 5 ).
1) Increased abundances of foxes where dingoes are functionally extinct impact predation-sensitive ground-nesting birds. Our results show that birds nesting among low vegetation (< 1 m) were most affected by dingo removal and that fox activity was greater where dingoes were functionally extinct. Previous studies have shown that ground-nesting birds are vulnerable to terrestrial predators (Flaspohler et al. 2001 ) and have declined in many parts of the Earth where reduced abundances of top-predators has allowed mammalian mesopredator populations to increase (Reid and Fleming 1992 , Crooks and Soulé 1999 , Schmidt 2003 . In the Australian arid zone, dingoes suppress fox populations ) and probably also suppress cat populations, but this effect is not as strong as for foxes (Letnic et al. 2012) . Cats and foxes are implicated in range contractions and declines in abundances of several desert ground-nesting birds (Grice et al. 1986 , Smith et al. 1994 , Gates and Paton 2005 , Benshemesh 2008 ) and likely also in the patterns of occurrence of ground-nesting birds in this study. Our results and those of other studies show that declines of birds vulnerable to fox predation have been most precipitous inside of the DBF, where dingoes are functionally extinct (Grice et al. 1986, Reid and Fleming 1992) . This hypothesis could be tested by comparing the survival and sources of mortality of nests and birds in areas where dingoes are common with areas where they are functionally extinct.
2) Increased abundances of kangaroos where dingoes are functionally extinct impact cover-dependent birds that nest on or close to the ground. Birds that nest in ground-layer vegetation are vulnerable to reductions in availability of food, nest sites and cover from predators resulting from overgrazing (Zalba and Cozzani 2004) . Functional extinctions of large predators can lead to overgrazing by allowing large herbivore populations to irrupt. For example, In North America, local extinctions of wolves Canis lupus and grizzly bear Ursus arctos lead to overgrazing by moose Alces alces (Berger et al. 2001) . Similarly, in our Strzelecki Desert and Moondiepitchnie Dunefield study areas, previous studies have linked suppression of dingo populations to higher grazing pressure and reduction of groundcover by kangaroos (Letnic et al. 2012 , Rees et al. 2017 ). In our study, ground vegetation-nesters, but not open ground-nesters, were less likely to occur where Table A2. dingoes were functionally extinct, supporting the hypothesis that grazing pressure on ground-layer vegetation may influence occurrences of ground-nesting birds. This hypothesis could be tested by investigating effects of grazing on nesting success, habitat use and survival of birds which nest on or close to the ground.
3) Increased abundances of kangaroos where dingoes are functionally extinct impact small granivorous birds by reducing grass seed production. Our results show that grass seed specialists and species that feed on forb seed and grass seed were detrimentally affected by the functional extinction of dingoes. We hypothesised that the rarity of small granivorous species where dingoes were functionally extinct was due to high grazing intensity by kangaroos and other herbivores. Support for this hypothesis is provided by a study in our Strzelecki Desert study area showing that irrupting kangaroo populations markedly suppress grass seed production, thereby reducing grass seed availability, by intensively grazing grasses and consuming grass inflorescences (Rees et al. 2017) . Similarly, studies in northern Australia show that persistent overgrazing, especially during drought, suppresses production of grass and forb seeds that are utilized by granivorous birds (Franklin et al. 2005) . When overgrazing suppresses seed production, granivores can only survive temporarily, consuming fallen seed until they deplete this resource (Franklin et al. 2005) . Small granivores, such as zebra finches Taeniopygia guttata and budgerigars Melopsittacus undulates, are especially vulnerable to overgrazing, because their metabolic demands are high relative to body mass (Zann 1996) and they possibly may rely on unripe grass seed during breeding (Zann et al. 1995) . Considering that overgrazing is suspected to be the chief cause of granivorous bird declines in rangelands of northern Australia (Franklin 1999 , Franklin et al. 2005 , intensive grazing may also explain the patterns of small granivore occurrence we observed. Experimental manipulation of grazers and measures of grass seed production coupled with measures of utilisation of grasses by birds on either side of the DBF could provide further insights into the indirect effects of dingoes on grazing impacts. 4) Increased abundances of kangaroos where dingoes are functionally extinct increase carrion availability, benefitting scavenging birds. Our results provide support for our hypothesis that scavenging birds were beneficiaries of dingo functional extinction (Fig. 5 and Supplementary material Appendix 1 Table A2 ), with road-killed kangaroo carcasses, wedge-tailed eagles Aquila audax and human-commensal native corvids Corvus spp. more likely to occur where dingoes were functionally extinct than where dingoes were present. This finding contrasts with predictive models from North America that suggest that canid top-predators (grey wolves) facilitate scavengers by providing carrion from kills (Wilmers et al. 2003) . A previous study, conducted in part within our Strzelecki Desert study area, found that kangaroo carcasses, apparently resulting from death by starvation, were more abundant in areas where dingoes were functionally extinct than areas where dingoes were common (Fillios et al. 2010) . Thus, we hypothesised that carrion from kangaroos which die from natural causes or human activities such as culling and vehicle collisions is more plentiful where dingoes are functionally extinct than where dingoes remain common, providing a food resource for scavenging birds (Caughley et al. 1985 , Fillios et al. 2010 . This hypothesis could be tested by supplementing or removing carrion in areas of high or low dingo abundance, respectively, and observing effects on abundances of scavenging birds.
Limitations
Our study provides a snapshot of Australian desert ecosystems and shows that diurnal bird assemblages differ in arid, sandhill habitats across the DBF. Further sampling would likely reveal additional birds affected by the DBF because our random sampling detected some uncommon species only infrequently or not at all (e.g. Australian bustard Ardeotis australis, bush stone-curlew Burhinus grallarius and flock bronzewing pigeon Phaps histrionica). Targeted survey approaches may prove more effective in detecting effects for these sparsely distributed birds.
A limitation of our study was the potentially confounding influence of current and historical differences in livestock grazing between our study sites. For example, in the last 50 yr sheep grazing has been limited largely to areas inside the DBF due to the lower risk of dingo predation there (Letnic et al. 2012) . We attempted to minimise the potential influence of either the legacy or more contemporary effects of livestock grazing on our results by sampling widely, across various land management regimes (Supplementary material  Appendix 1 Table A1 ), including on pastoral properties and conservation reserves, which had been destocked for 20-50 yr, on both sides of the DBF. We also included the presence or absence of livestock grazing as an alternative predictor variable in our models investigating avian species richness and assemblage composition. Livestock grazing had no effect on avian species richness but did have a significant effect on assemblage composition. Importantly, the suite of avian species positively affected by livestock grazing did not respond to the removal of dingoes. Fisher et al. (1972) showed that most of the species which responded positively to livestock grazing in our study, including the budgerigar, little corella, spiny-cheeked honeyeater, blue bonnet, Bourke's parrot, diamond dove and Australian raven, frequently drink at artificial watering points provided for livestock. All four species that occurred more frequently in conservation reserves where livestock were absent, (wedge-tailed eagle, banded whiteface, white-backed swallow and crimson chat) have been reported to be non-drinkers or infrequent drinkers (Fisher et al. 1972) . Consequently, we contend that the effect of livestock grazing that we report is largely a response to the difference in the availability of surface water between pastoral land and conservation reserves (where there are no or few sources of water) and that the differences in bird assemblages that we observed across the DBF were unlikely to be due to differences in historic land-use (e.g. livestock grazing/conservation reserve). Nonetheless, we caution that we cannot unequivocally rule out the possibility that our results based on correlations could be influenced by other variables including historical land-use. Thus, we encourage further studies to identify drivers and mechanisms behind the differences in bird assemblages across the DBF that we have reported.
Conclusion
Consistent with studies on other continents, our findings support the theory that top predators maintain bird diversity by regulating populations of mesopredators and large herbivores (Crooks and Soulé 1999 , Berger et al. 2001 , Schmidt 2003 . Expanding dingo control in the Australian arid zone, including current construction of new dingo-exclusion fences, may impact birds vulnerable to introduced predators and overgrazing. Conversely, conserving dingoes may mitigate declines of some birds. Repatriating populations of large predators could recover biodiversity losses and rehabilitate ecosystems, but also entail social and economic costs, as large predators can endanger humans and livestock. Developing approaches to managing large predators that satisfy conflicting interests of stakeholders remains an unresolved challenge for communities throughout the Earth, but has the potential to restore ecosystems and conserve biodiversity.
